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The binding aﬃnity and specificity of nucleic acid aptamers have made them valuable candidates for use as sensors in diagnostic
applications. In particular, chromophore-functionalized aptamers oﬀer a relatively simple format for detection and quantification
of target molecules. We describe the use of nucleic-acid-staining reagents as an eﬀective tool for detecting and signaling aptamertarget interactions. Aptamers varying in size and structure and targeting a range of molecules have been used in conjunction with
commercially available chromophores to indicate and quantify the presence of cognate targets with high sensitivity and selectivity.
Our assay precludes the covalent modification of nucleic acids and relies on the diﬀerential fluorescence signal of chromophores
when complexed with aptamers with or without their cognate target. We also evaluate factors that are critical for the stability of
the complex between the aptamer and chromophore in presence or absence of target molecules. Our results indicate the possibility
of controlling those factors to enhance the sensitivity of target detection by the aptamers used in such assays.

1. Introduction
Over the past two decades, the principles underlying nucleic
acid structure and the polymeric characteristics of oligonucleotides have been exploited for creation of special ligand
sequences that bind specific target molecules with high
aﬃnity and specificity [1, 2]. These special sequences or
aptamers are discovered from combinatorial oligonucleotide
libraries by iterative selection and amplification processes.
The rationale for an iterative selection process is explained
by the principles of systematic evolution of ligands by
exponential enrichment (SELEX) [2]. SELEX has allowed the
discovery of aptamers for a plethora of molecular targets
including small molecules and proteins [3]. By virtue of
their high aﬃnity and specificity aptamers have emerged
as a class of molecules that rival antibodies especially in
diagnostic and biosensing applications [4]. In particular,
aptamers address several shortcomings of antibodies such
as the ability to function in nonphysiological buﬀers and

temperatures and the ability to identify reporter molecules
such as fluorescein at precise locations. In this regard,
aptamer-based optical sensors are extremely attractive and
have been the object of extensive research [5–8]. Molecular
beacon-inspired optical assays require functionalization of
the 5 - and/or 3 -termini of an aptamer with a fluorophore
and a quencher. In the presence of or upon binding to
the target, conformational changes in the aptamer manifest
themselves as changes in fluorescence [9]. Single-or duallabeled aptamers can be used to detect target binding by
monitoring the target-induced FRET or anisotropy changes
[10]. These methods provide real-time information on
aptamer-ligand interactions compared to techniques such
as autoradiography and electrophoresis. While the experimental design in such an approach may appear straight
forward, it presupposes adequate knowledge of the structure
and various conformations accessible to the aptamer in
the presence and absence of target molecules. Labeling of
aptamers with reporter molecules usually requires extensive
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Table 1: Sequences of aptamers used and their aﬃnities for corresponding target.

optimization as small changes in the aptamer sequence and/
or conformation may lead to unwanted changes in aﬃnity
and specificity [11, 12].
A general method that allows direct transduction of the
recognition event into a change in optical spectra would
thus be extremely valuable [13]. In particular, the association
of DNA-binding chromophores with nucleic acid aptamers
could be aﬀected in varying degrees by the formation of
aptamer-analyte complexes. Previous approaches in this
realm have generally been in a dye-displacement format
where an RNA or DNA aptamer binds to a chromophore,
resulting in a fluorescent complex [7, 14]. Presence of the
target in solution results in the displacement of dye from
the complex and reduction in fluorescence. While a number
of chromophores have been tested in this format, kinetic
barriers may prevent eﬃcient displacement of the dyes
from the complex. Also, previous reports have primarily
focused on only single chromophores for monitoring specific
aptamer-target interactions without any comparison of
diﬀerent chromophores across a range of aptamers that
significantly diﬀer in secondary structures. In this work, we
use a number of commercially available nucleic-acid-binding
dyes for monitoring aptamer-target interactions [15, 16].
We monitor the formation of the fluorescent complex by
nucleic acid and chromophore in the presence and absence
of cognate target. Our study reveals that the chromophores
SYBR Green and thiazole orange (TO) can be used across
RNA and DNA aptamers, albeit with diﬀerent eﬃciencies
in each specific case. We demonstrate the potential of
rationally designed aptamer-chromophore pairs for sensitive
and selective detection of a wide variety of targets.

2. Experimental and Methods
2.1. Aptamers. The structures of the aptamers employed for
our current work have been previously published [17, 18].
Both the thrombin and ATP DNA aptamers are guanine-rich
and fold into quadruplex helical structures, forming a pocket
which allows for the binding of their target molecules [19],
while the theophylline aptamer is an RNA oligonucleotide
that folds into a complex stem-loop structure [20]. The
sequences of the aptamers used in this work are shown in
Table 1.
2.2. Dyes/Labels. Five diﬀerent dyes that are known for
binding nucleic acids were utilized for our fluorescence
studies. These are shown in Figure 2. Stock solution of
ethidium bromide was obtained from Fisher Bioreagents
(Fair Lawn, NJ), diluted with double deionized water to
diﬀerent standards to ascertain the optimum concentration
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Figure 1: Strategy for using nucleic acid binding chromophores
as indicators of aptamer-target interactions. The plot on the right
shows fluorescence spectra of Thiazole Orange (TO) in complex
with the theophylline aptamer (A) in the absence and (B) presence
of target.

needed for fluorescence studies. Hoechst dye 33258 was purchased from Fischer Scientific (Pittsburgh, PA) and a 1 mM
solution prepared in methanol. YOYO-1 was purchased from
Invitrogen (Eugene, OR) and diluted to a 40 μM solution in
DMSO. Thiazole orange (TO) was obtained from AnaSpec
Inc. (San Jose, CA), dissolved in DMSO and a 1 mM solution
prepared. Stock solution of SYBR Green was purchased from
Invitrogen (Eugene, OR) and diluted with DMSO to obtain a
10x concentrated solution. All the dyes exhibit high quantum
yields of fluorescence upon binding nucleic acids.
2.3. DNA/RNA Synthesis. Oligonucleotides were either purchased from Integrated DNA Technologies (Coralville, IA)
or synthesized on an Applied Biosystems 392 DNA/RNA
Synthesizer using standard phosphoramidite chemistry, and
reagents from Glen Research (Sterling, VA). Oligonucleotides
were ammonia deprotected at 55◦ C overnight and purified
using low-melting gel electrophoresis or by using reversephase cartridges on oligonucleotides synthesized with the
hydrophobic dimethoxytrityl (DMT) group. Extinction coefficients of the synthesized oligonucleotides were calculated
by the nearest neighbor method [22]. Absorbance values
of purified sequences were obtained at 25◦ C and pH
7.0 phosphate buﬀer and used to calculate the working
concentrations of our DNA/RNA sequences.
2.4. Target Molecules. Theophylline was purchased from
Acros Organics (Morris Plains, NJ). ATP was obtained
from Fisher Bioreagents (Fair Lawn, NJ) and thrombin was
purchased from Fischer Scientific (Pittsburgh, PA). 100 μM
solutions of these were prepared in sterile water except
for human α-thrombin which was prepared in a 50 mM
sodium citrate/0.2 M NaCl/0.1% PEG-8000/pH 6.5 solution
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Figure 2: Nucleic-acid-binding chromophores used in current study.

according to the vendor’s instructions. Appropriate final
concentrations of the target molecules were obtained by
dilution of the above stock solutions.
2.5. Sample Preparation. The current study explores the use
of nucleic-acid-binding chromophores in a “staining” rather
than a “dye-displacement” format. Samples were prepared as
per the following procedure.
2.5.1. Aptamer Annealing. 100 nM ATP and thrombin
aptamers were prepared in 20 mM Tris-Cl buﬀer pH 7.5
with 300 mM NaCl, 5 mM MgCl2 , and 10 mM KCl whereas
100 nM theophylline aptamer was prepared in a 20 mM TrisCl buﬀer pH 7.5, 140 mM NaCl, 5 mM KCl, and 5 mM MgCl2
with the addition of sterile water to make a 1 mL solution.
These were annealed at 85–90◦ C for at least 5 minutes
followed by gradual cooling to room temperature.
2.5.2. Addition of Cognate Target. Aptamer samples were
prepared in duplicate following the procedure described
above. For each aptamer, one sample was incubated with
its cognate target while the other was not. The volume of
addition in each case was designed not to exceed 10 μL,
thereby contributing to almost insignificant changes in
total concentrations of aptamer and target. Aptamers were
allowed to incubate with their target for 30 minutes in an
incubator at 25◦ C. Longer incubation times (1–12 hours)

were found to yield similar results. All samples were prepared
in triplicate for fluorescence studies.
2.6. Fluorescence Studies. Chromophores were added into
the samples containing aptamers with and without targets
following incubation. Chromophore concentrations were
found to be optimal at 250 nM (for probe and target concentrations of 100 nM each). Emission spectra were recorded
at 25◦ C on a Shimadzu RF-5301 PC spectrophotometer
by exciting dyes at their respective excitation wavelengths.
Excitation and emission slit widths were maintained at
5 nm throughout all experiments. The following excitation
wavelengths were used: ethidium bromide, 340 nm; Hoechst
dye 33258, 320 nm; thiazole orange, 510 nm; SYBR Green,
497 nm; YOYO-1, 488 nm. Emission intensities at characteristic emission maxima for each chromophore were used for
calculating the percentage decrease in fluorescence upon an
aptamer-binding cognate target using the following formula:
%Decrease in fluorescence =

Fo − Fi
× 100,
Fo

(1)

where Fo is fluorescence of dye + aptamer, and Fi is
fluorescence of dye + aptamer-target.
Experiments that are performed to measure Fo and Fi
have the same amounts of dye, aptamer,and target. Based
on the percentage decreases observed throughout this study,
a drop in fluorescence of ≤10% is considered to be within
the range of experimental error mainly due to variations in
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3. Results and Discussion
3.1. Comparison of Chromophores as Indicators of AptamerTarget Interactions. The signaling strategy used in this work
is depicted in Figure 1. Briefly, the chromophores being used
in this assay are almost nonfluorescent when free in solution
but exhibit a strong increase in fluorescence quantum yield
when bound to single or double-stranded DNA. Structural
perturbations in the nucleic acid aptamers upon binding
cognate targets are expected to generate measurable changes
in the fluorescence binding behavior of chromophores. The
success of the signaling strategy thus not only depends
on the degree to which aptamers undergo conformational
changes upon target binding but also on the identity of
the chromophore used that may or may not be sensitive
to those changes. Structures of the chromophores used
in the current work are shown in Figure 2. In order to
explore the general applicability of the strategy shown in
Figure 1, we also chose to study a number of diﬀerent
aptamer-target pairs (shown in Table 1) to account for
diﬀerences in type of nucleic acid (RNA or DNA), binding
aﬃnities for targets (shown in Table 1), type of secondary
structures (hairpins, quadruplexes, or both), and binding
motifs applicable to the chromophore (intercalation, minor
groove binding). The behavior of YOYO as per the signaling
strategy described above is shown in Figure 3. Binding of
thrombin by TBA leads to a significant drop in fluorescence
emission of YOYO thereby indicating sensitivity of the dye

10
0
TO

YOYO EtBr Hoechst SYBR
(c)

Figure 4: Comparison of fluorescence signaling by various chromophores on the (a) ATP-, (b) theophylline- and (c) thrombinbinding aptamers. The % decrease of fluorescence (%) is calculated
from the diﬀerence in fluorescence intensities of the chromophores
(25 nM) in presence of 10 nM aptamer with and without 10 nM
target. Data presented in plot is the mean of three measurements
and error bars indicate standard deviations.

to conformational changes in the aptamer. The specificity
of TBA and of our approach is evident from the lack
of significant decrease in fluorescence of YOYO for the
TBA-lysozyme and ATP aptamer-thrombin controls. In fact
the fluorescence of YOYO in presence of ATP aptamer is
very similar in absence of target ATP (data not shown).
The larger absolute fluorescence observed is possibly due
to the availability of larger number of binding sites in
the ATP aptamer compared to TBA. The ATP aptamer
chosen for this work possesses an ATAT tract which is
known to assist in Hoechst 33258 binding [23]. Notably,
comparing the decrease in fluorescence across chromophores
(see Figure 4(a) and Table S1 in Supplementary Material
available online at doi:10.1155/2012/247280), the change

Journal of Nucleic Acids

5
which is then perturbed upon target (thrombin) binding.
Finally, we tested the intercalating dyes, TO, SYBR Green, and
YOYO, on an RNA theophylline aptamer (see Figure 4(b)).
Both SYBR green and TO display a significant decrease in
fluorescence for the aptamer in presence of theophylline
target. The magnitude of fluorescence changes is greater for
the theophylline aptamer (∼68%) compared to ATP and
thrombin aptamer possibly due to higher binding aﬃnity
of the dyes for RNA molecules and greater conformational
changes in aptamer upon target binding.

70
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Figure 5: Variation of fluorescence signaling by YOYO and TO with
change in their concentrations in presence of 10 nM each of TBA
and thrombin.

in the Hoechst 33258 fluorescence is the greatest. The
percentage changes in Figure 4 were calculated by comparing
the fluorescence of each chromophore complexed to ATP
aptamer with and without the target. Experiments using
a range of chromophore concentrations within an order
of magnitude were found to yield very similar results. A
small percentage change (≤10%) is possibly indicative of
an aptamer-chromophore complex that is not significantly
perturbed in presence of the target. While both the ATP
aptamer and the thrombin-binding aptamer (TBA) possess
quadruplex structural elements, the latter does not have a
duplex tract. Comparing the decrease in fluorescence across
chromophores, it is thus not surprising that the Hoechst
33258 dye displays negligible change (see Figure 4(c)).
The intercalating dyes, thiazole orange (TO) and SYBR
Green, exhibit weak-to-moderate fluorescence decreases for
TBA in the presence of thrombin target. YOYO exhibits
the greatest decrease in fluorescence for TBA in presence
of thrombin. The relatively short sequence of TBA and
corresponding compact structure oﬀer fewer sites for chromophore binding compared to the ATP aptamer. This is
responsible for the attenuation of fluorescence change across
chromophore concentrations. As shown in Figure 5, there
is little variation in the fluorescence change of YOYO even
when the chromophore concentration is varied over an
order of magnitude. Interestingly ethidium bromide only
exhibits poor fluorescence changes in the presence versus
absence of thrombin, even though its binding mode is similar
to that of YOYO and TO. This is possibly an indication
of the weaker binding aﬃnity of ethidium bromide for
nucleic acids compared to the other staining reagents. The
substantial drop in fluorescence of YOYO (∼60%) for TBA
in the presence of thrombin may be due to the G-quartet
motif of TBA providing a secure binding pocket for YOYO,

3.2. Sensitivity and Selectivity of Chromophores Used for Monitoring Aptamer-Target Interactions. We tested the sensitivity
of our approach by varying the amount of cognate target for
each of the three aptamers. Not surprisingly the aptamer-dye
pairs that provided the best fluorescence response were also
the most sensitive towards target concentration. Notably, the
thrombin aptamer in conjunction with YOYO was able to
detect 0.1 nM of thrombin, albeit with only ∼20% decrease
in fluorescence of the chromophore (see Figure 6). Similarly,
1 nM of theophylline and 2 nM of ATP induced a measurable change in fluorescence intensity of TO and Hoechst
33258, respectively. These detection limits (∼0.1–2 nM)
are somewhat comparable with the use of chromophores
that are covalently coupled to aptamer probes [9, 24].
Finally we tested our approach for selectivity of an aptamer
towards its cognate target. In this regard, the theophylline
aptamer has been shown to be selective for theophylline
over caﬀeine notwithstanding structural similarity between
the two molecules. As shown in Figure 7, the theophylline
aptamer in conjunction with TO is insensitive to caﬀeine
concentration with even a huge excess of caﬀeine failing
to elicit a fluorescence change of less than 5%. Similarly,
the ATP aptamer in conjunction with Hoechst 33258 when
tested against the structurally analogous GTP target elicits
substantially smaller fluorescence changes (∼5%). Finally,
the selectivity of TBA is evident from the lack of change in
fluorescence of YOYO in presence of lysozyme as compared
to thrombin. These results demonstrate the selectivity of
our approach using nucleic acid staining dyes for detecting
aptamer-target interactions.
3.3. Factors Aﬀecting the Signaling Strategy. From our study
of both DNA and RNA aptamers using numerous commercially available staining agents some factors have been
identified as being key to the success of exploiting the
signaling strategy. First, the presence of distinctive binding
sites for chromophores within the aptamers would likely help
the signaling strategy. While this feature may be diﬃcult
to incorporate for intercalating chromophores, it is possible
to develop aptamers that possess specific tracts for groovebinding dyes. Second, chromophores that exhibit stronger
binding aﬃnity for a specific nucleic acid aptamer are
more likely to succeed at this signaling strategy. Relatively
weaker binding chromophores would be less perturbed by
aptamer-target interactions and would thus be less sensitive
to analyte concentrations. Finally, the success of the strategy
depends in large part on the aﬃnity and specificity of the
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cognate target.
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aptamer for its cognate target. The better performance of
the thrombin- and theophylline-binding aptamers compared
to the ATP aptamer can be attributed to the higher binding
aﬃnity of those aptamers for their corresponding targets. A
higher binding aﬃnity ensures aptamer-target complexation
at low concentrations of target. More eﬃcient formation
of aptamer-target complexes (as a fraction of total amount
of aptamer and target present) by the higher binding
aﬃnity aptamers would also allow for better signalling by
chromophores.

aﬃnity of the aptamer for its target [25]. The reported
method is thus a simple economical alternative to selective
and sensitive detection of analytes. We have performed a
comprehensive analysis of numerous chromophores across
several aptamer-target pairs unlike previous reports that
focused on single candidates of each [26–28]. One drawback of unlabeled nucleic acid aptamers for detecting
physiological analytes is possible interference from residual
nucleic acids from such samples. We are currently exploring these parameters further to develop eﬃcient signaling
chromophores.

4. Conclusions
An aptamer-based method for detection of analytes has
been developed which successfully avoids the more common
chemical labeling and modification procedures. Covalent
labeling of aptamers with reporter molecules including
fluorophores usually lead to higher cost and unpredictable

Acknowledgments
The authors thank Taylor Aiken and Sunny Qiu for help
with some of the fluorescence experiments. B. Datta thanks
Missouri State University for a Faculty Research grant.

Journal of Nucleic Acids

References
[1] C. Tuerk and L. Gold, “Systemic evolution of ligands by
exponential enrichment: RNA ligands to bacteriophage T4
DNA polymerase,” Science, vol. 249, no. 4968, pp. 505–510,
1990.
[2] A. D. Ellington and J. W. Szostak, “In vitro selection of RNA
molecules that bind specific ligands,” Nature, vol. 346, no.
6287, pp. 818–822, 1990.
[3] S. E. Osborne and A. D. Ellington, “Nucleic acid selection and
the challenge of combinatorial chemistry,” Chemical Reviews,
vol. 97, no. 2, pp. 349–370, 1997.
[4] S. D. Jayasena, “Aptamers: an emerging class of molecules that
rival antibodies in diagnostics,” Clinical Chemistry, vol. 45, no.
9, pp. 1628–1650, 1999.
[5] R. Nutiu and Y. Li, “Structure-switching signaling aptamers,”
Journal of the American Chemical Society, vol. 125, no. 16, pp.
4771–4778, 2003.
[6] H.-A. Ho and M. Leclerc, “Optical sensors based on hybrid
aptamer/conjugated polymer complexes,” Journal of the American Chemical Society, vol. 126, no. 5, pp. 1384–1387, 2004.
[7] C. Zhou, Y. Jiang, S. Hou, B. Ma, X. Fang, and M. Li,
“Detection of oncoprotein platelet-derived growth factor
using a fluorescent signaling complex of an aptamer and
TOTO,” Analytical and Bioanalytical Chemistry, vol. 384, no.
5, pp. 1175–1180, 2006.
[8] C. J. Yang, S. Jockusch, M. Vicens, N. J. Turro, and W. Tan,
“Light-switching excimer probes for rapid protein monitoring
in complex biological fluids,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102,
no. 48, pp. 17278–17283, 2005.
[9] N. Li and C.-M. Ho, “Aptamer-based optical probes with
separated molecular recognition and signal transduction
modules,” Journal of the American Chemical Society, vol. 130,
no. 8, pp. 2380–2381, 2008.
[10] S. Perrier, C. Ravelet, V. Guieu et al., “Rationally designed
aptamer-based fluorescence polarization sensor dedicated to
the small target analysis,” Biosensors and Bioelectronics, vol. 25,
no. 7, pp. 1652–1657, 2010.
[11] M. N. Stojanovic and D. M. Kolpashchikov, “Modular
aptameric sensors,” Journal of the American Chemical Society,
vol. 126, no. 30, pp. 9266–9270, 2004.
[12] J. Liu and Y. Lu, “Fast colorimetric sensing of adenosine and
cocaine based on a general sensor design involving aptamers
and nanoparticles,” Angewandte Chemie, vol. 45, no. 1, pp. 90–
94, 2005.
[13] Y. Xiang, Z. Wang, H. Xing, N. Y. Wong, and Y. Lu, “Label-free
fluorescent functional DNA sensors using unmodified DNA: a
vacant site approach,” Analytical Chemistry, vol. 82, no. 10, pp.
4122–4129, 2010.
[14] R. Pei and M. N. Stojanovic, “Study of thiazole orange
in aptamer-based dye-displacement assays,” Analytical and
Bioanalytical Chemistry, vol. 390, no. 4, pp. 1093–1099, 2008.
[15] A. N. Glazer and H. S. Rye, “Stable dye-DNA intercalation
complexes as reagents for high-sensitivity fluorescence detection,” Nature, vol. 359, no. 6398, pp. 859–861, 1992.
[16] H. Zipper, H. Brunner, J. Bernhagen, and F. Vitzthum,
“Investigations on DNA intercalation and surface binding by
SYBR Green I, its structure determination and methodological
implications,” Nucleic Acids Research, vol. 32, no. 12, p. e103,
2004.
[17] D. E. Huizenga and J. W. Szostak, “A DNA aptamer that binds
adenosine and ATP,” Biochemistry, vol. 34, no. 2, pp. 656–665,
1995.

7
[18] L. C. Bock, L. C. Griﬃn, J. A. Latham, E. H. Vermaas, and J. J.
Toole, “Selection of single-stranded DNA molecules that bind
and inhibit human thrombin,” Nature, vol. 355, no. 6360, pp.
564–566, 1992.
[19] R. F. Macaya, P. Schultze, F. W. Smith, J. A. Roe, and J. Feigon,
“Thrombin-binding DNA aptamer forms a unimolecular
quadruplex structure in solution,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 90, no.
8, pp. 3745–3749, 1993.
[20] R. D. Jenison, S. C. Gill, A. Pardi, and B. Polisky, “Highresolution molecular discrimination by RNA,” Science, vol.
263, no. 5152, pp. 1425–1429, 1994.
[21] G. R. Zimmermann, R. D. Jenison, C. L. Wick, J. P. Simorre,
and A. Pardi, “Interlocking structural motifs mediate molecular discrimination by a theophylline-binding RNA,” Nature
Structural Biology, vol. 4, no. 8, pp. 644–649, 1997.
[22] A. V. Tataurov, Y. You, and R. Owczarzy, “Predicting ultraviolet
spectrum of single stranded and double stranded deoxyribonucleic acids,” Biophysical Chemistry, vol. 133, no. 1–3, pp.
66–70, 2008.
[23] M. A. A. F. C. T. De Carrondo, M. Coll, J. Aymami et
al., “Binding of a hoechst dye to d(CGCGATATCGCG) and
its influence on the conformation of the DNA fragment,”
Biochemistry, vol. 28, no. 19, pp. 7849–7859, 1989.
[24] J. Liu, Z. Cao, and Y. Lu, “Functional nucleic acid sensors,”
Chemical Reviews, vol. 109, no. 5, pp. 1948–1998, 2009.
[25] B. J. Anderson, C. Larkin, K. Guja, and J. F. Schildbach, “Using
fluorophore-labeled oligonucleotides to measure aﬃnities of
protein-DNA interactions,” Methods in Enzymology, vol. 450,
pp. 253–272, 2008.
[26] Y. Jiang, X. Fang, and C. Bai, “Signaling aptamer/protein
binding by a molecular light switch complex,” Analytical
Chemistry, vol. 76, no. 17, pp. 5230–5235, 2004.
[27] X. Cheng, T. Bing, X. Liu, and D. Shangguan, “A label-free
fluorescence sensor for probing the interaction of oligonucleotides with target molecules,” Analytica Chimica Acta, vol.
633, no. 1, pp. 97–102, 2009.
[28] H. Li and L. Rothberg, “Colorimetric detection of DNA
sequences based on electrostatic interactions with unmodified
gold nanoparticles,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 101, no. 39, pp.
14036–14039, 2004.

